INTRODUCTION {#SEC1}
============

Ultraviolet (UV) light-induced cellular DNA damage and its relation to mutagenesis have been extensively demonstrated. However, mutation studies have mostly been limited to single genes such as *HPRT* ([@B1]), *ATP1A1* (NaK-ATPase) ([@B4]) and *TP53* ([@B5]) or to other genes carried in vectors derived from viruses ([@B6],[@B7]). Although these studies have clarified many questions about the mutagenicity of UV light, they have many limitations, such as the clustering of information from various samples and the use of genes that are under selection (such as the *HPRT* or *TP53* gene) ([@B8]). In the last decade, the use of next-generation sequencing (NGS), specifically whole-genome and whole-exome sequencing, has provided a simple and efficient diagnosis method for patients with Mendelian disorders ([@B9]) and tumour mutation signatures ([@B10],[@B11]). This technology has also made it possible to identify the effects of well-known mutagens, potential DNA damage processes, failure of DNA repair mechanisms, and mutations responsible for the development of distinct tumours ([@B12]).

Exposure to sunlight is the leading cause of human skin cancer, due mostly to UV radiation-induced DNA damage. UV light is usually divided into three wavelength ranges: UVC (200--280 nm), UVB (280--320 nm) and UVA (320--400 nm) ([@B13]). UVA light is an important environmental mutagen and corresponds to more than 95% of UV light that reaches the Earth\'s surface ([@B14]). Although UVB energy is greater, UVA light can penetrate deeper into the skin, causing DNA damage ([@B14]). Therefore, the original causes of various types of skin cancer might be at least partly associated with UVA irradiation ([@B13]).

It is well established that solar UVA light produces different types of DNA damage ([@B15]). The two most critical types of UVA-induced photolesions are cyclobutane pyrimidine dimers (CPDs) ([@B16]) and 8-oxo-7,8-dihydro-2′-deoxyguanosine (8-oxoG) ([@B20],[@B21]). However, the contribution of pyrimidine dimers or oxidized bases to sunlight-induced mutagenesis and skin cancer remains a matter of debate ([@B14],[@B22]).

Different types of DNA damage are responsible for the induction of different types of mutations; thus, 'mutational signatures' can help to identify the processes involved in mutagenesis as well as the original type of lesion that caused such mutations. The UVB signature is defined as C\>T transitions due to mispairing of A with C, formed mainly at pyrimidine dimer sites ([@B1],[@B2]). This signature has been discussed as a characteristic of UV radiation in general and not specifically of UVB ([@B15]), since it has also been observed in UVA-irradiated cells ([@B2],[@B23]). When in *syn* configuration, 8-oxoG may result in the erroneous pairing of an A, which can produce a G\>T (or C\>A) transversion ([@B24]), leading to a specific mutagenic replication process ([@B25]).

Cells exhibit several DNA repair mechanisms that address different types of DNA damage. Oxidized bases, for example, are commonly repaired by specific glycosylases via base excision repair (BER). On the other hand, to repair pyrimidine dimers (such as CPDs), which cause bulky distortions in DNA, the cell mainly recruits the nucleotide excision repair (NER) pathway ([@B26]). These lesions may also be tolerated by translesion synthesis (TLS) DNA polymerases, preventing cell death due to DNA synthesis blockage.

DNA polymerase η (pol eta) replicates injured DNA in skin cells, suppressing the formation of skin cancer by reducing UV-induced mutagenesis ([@B27],[@B28]). Mutations in pol eta result in a recessive hereditary disorder known as Xeroderma Pigmentosum Variant (XP-V). XP-V cells are NER proficient but are slightly more sensitive to UV irradiation, including UVA light ([@B29],[@B30]). In the absence of pol eta, dimers are replicated less efficiently and with less fidelity by other TLS polymerases, such as polymerase ι (pol iota), resulting in the UV-induced hypermutation phenotype of XP-V cells ([@B31],[@B32]). It has been proposed that non-instructional lesions, such as abasic sites or pyrimidine dimers, may be replicated by TLS polymerases through the preferential insertion of an A, known as the 'A-rule', which would reduce mutations at T-containing dimers ([@B33]). *In vitro* experiments indicate that pol eta can also replicate 8-oxoG and insert an A or C opposite the lesion, whether in *syn* or *anti* configuration ([@B34],[@B35]), resulting in C\>A transversions. Pol eta is also able to bypass other lesions, including abasic sites ([@B36]), *O*^4^-methyl thymines and *O*^6^-methyl guanines ([@B37]), acetylaminofluorene adducts ([@B38]), and cisplatin and oxaliplatin-induced DNA adducts ([@B39]).

The mechanisms by which UVA light induces mutations and skin cancer are an open question ([@B40]). The role of pol eta in suppressing mutations induced by UV light is incontrovertible since mutations in the *POLH* gene result in the XP-V phenotype, which is characterized by sensitivity to sunlight and a higher propensity to develop skin cancer ([@B3]). Although there has been interest in understanding how mutations contribute to the high rate of UV-induced skin cancer in XP-V patients ([@B1],[@B41]), little is known about UVA light mutagenesis in XP-V cells. In the present work, we applied a whole-exome sequencing (WES) approach to identify which mutations are induced by UVA in pol eta-deficient patient cells compared with pol eta-complemented cell data. These results were further compared with a skin cancer mutation database to evaluate the involvement of UVA in skin carcinogenesis.

MATERIALS AND METHODS {#SEC2}
=====================

Cell lineages and cell culture {#SEC2-1}
------------------------------

The cells used in this work were SV40-transformed human skin fibroblasts from an XP-V patient (XP30RO -- XP-V) and the same cell line complemented with the *POLH/XPV* gene (XP30RO complemented, clone 6 -- XP-V comp). These cells were kindly provided by Drs. Anne Stary and Patricia Kannouche (Laboratory of Genetic Instability and Cancer, Institut Gustave Roussy, Villejuif, France) ([@B41]). The cells were grown in Dulbecco\'s modified Eagle\'s medium-high glucose (DMEM, LGC Biotechnologies, Cotia, SP, Brazil) supplemented with 10% foetal bovine serum (FBS, Cultilab, Campinas, SP, Brazil) and 1% antibiotic/antimycotic solution (0.1 mg/ml penicillin, 0.1 mg/ml streptomycin and 0.25 mg/ml fungizone, Life Technologies, Carlsbad, CA, USA) under a humidified 5% CO~2~ atmosphere at 37°C.

Obtaining clones for DNA sequencing and UVA irradiation {#SEC2-2}
-------------------------------------------------------

For the identification of UVA-induced mutations, XP-V and XP-V comp cells were cloned after UVA irradiation. Cells (1--3 × 10^3^) were plated in 100 mm Petri dishes, and 16--18 h later, they were irradiated with 120 kJ/m^2^ of UVA light in PBS at a dose rate of 0.058 kJ/m^2^/s. This dose was chosen from previous work, as it results in ∼20% survival of XP-V cells (for complemented cells, ∼40% survival), which is enough cell survival for mutagenesis assays ([@B29]). A UVA lamp (Osram Ultramed FDA KY10s 1000 W, Munich, Germany) was employed for irradiation with a 3 mm-thick Schott BG39 filter (Schott Glass, Mainz, Rheinland-Pfalz, Germany) to shut off wavelengths of \<320 nm ([@B17]). Control cells were maintained in the dark during irradiation under similar conditions. After irradiation, the cells were grown for 10--15 days, and clones were randomly selected and transferred to 96-multiwell plates using cloning discs (3 mm -- Sigma Aldrich, St. Louis, MI, USA) with trypsin (LGC Biotechnologies, Cotia, SP, Brazil). As soon as the clones reached confluence, they were transferred to a larger dish. Cells from two 75 cm^2^ flasks were used for genomic DNA extraction ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}) with a Blood and Cell Culture DNA Mini Kit (Qiagen, Hilden, Nordrhein-Westfalen, Germany). The selection of clones immediately after irradiation led us to detect induced mutations only in the first round of DNA replication for each cell.

Whole-exome sequencing {#SEC2-3}
----------------------

To analyse the mutation profile of clones, exome sequencing was performed after UVA irradiation. Libraries were prepared with 5 μg of genomic DNA using the Sure Select QXT kit (Agilent Technologies, Santa Clara, CA, USA). Sure Select QXT Human All Exon V6 baits were used for the exome capture procedure. Library preparation and the exon capture were carried out following the manufacturer\'s specifications. Quality control of libraries was performed with two kits: a High Sensitivity DNA kit (Agilent Technologies) and an Illumina library Quantification kit with primer premix and Light Cycler 480 qPCR mix (KAPA Biosystems, Wilmington, MA, USA). Libraries were sequenced in paired-end mode (2 × 125 bp) on the Illumina HiSeq platform (Illumina, San Diego, CA, USA). Similar but entirely independent experiments were performed using the SOLiD 5500xl sequencing platform (Applied Biosystems, Cleveland, Ohio, EUA) in paired-end mode (75 × 35 bp) with the TargetSeq Exome Enrichment Kit (Life Technologies, Carlsbad, CA, USA). The results are shown in detail in the Supplementary data ([Supplementary Figures S2 and S3](#sup1){ref-type="supplementary-material"}).

Identification of point mutations {#SEC2-4}
---------------------------------

Data analyses of Illumina reads were performed according to GATK Best Practices for exome variant calling. Reads were mapped to the UCSC GRCh37/hg19 reference genome from the GATK Resource Bundle using BWA, and duplicates were marked using Picard. Reads were realigned around indels, and sequencing errors and experimental artefacts were corrected by using the BQSR method. Raw variant discovery was performed with HaplotypeCaller using discovery as the genotyping mode and a minimum Phred-scaled Qscore confidence threshold of 30, and variants with Qscore \<10 were flagged as low-quality calls. SNPs with a QD \<2.0, FS \>60 and MQ \<40.0 were flagged and removed from subsequent polymorphism filtering steps.

To identify induced point mutations and filter out polymorphisms, unique single nucleotide variants (SNVs) were selected, considering the position and nucleotide change in comparison to all other samples sequenced, despite genotyping assignment. Whenever a variant was detected in two or more independent clones, it was considered a polymorphism and was discarded. Comparisons were performed using VCFtools, and unique SNVs for each sample were annotated with ANNOVAR using RefSeq. Alternatively, an additional filtering step involving only SNVs annotated as 'exonic' or 'splicing' in each clone sample was applied to restrict the analysis only to regions enriched in exome sequencing. Raw data were deposited under BioProject accession number PRJNA556825. All sequencing alignment statistics are specified in [Supplementary Table S1](#sup1){ref-type="supplementary-material"} for Illumina data and in [Supplementary Table S2](#sup1){ref-type="supplementary-material"} for SOLiD data.

Mutational signature analysis {#SEC2-5}
-----------------------------

Exclusive point mutations annotated by ANNOVAR were subjected to exploratory data analysis using Woland ([github.com/tiagoantonio/woland](http://github.com/tiagoantonio/woland)). We investigated general nucleotide change patterns and motif sequences associated with common mutagens previously described in the literature. Motif sequence analyses were focused on CPD ([YY]{.ul}) and 8-oxoG (R[G]{.ul}R) photolesions ([@B42],[@B43]). Sequence motifs were visualized using pLogo tool ([@B44]) considering the human exonic sequences as background. Mutational signature analyses were performed using SomaticSignatures ([@B45]), an R implementation of the NMF method framework developed previously ([@B11],[@B46]) to identify signatures in human cancer using trinucleotide context motifs. Evaluation of known single base substitution (SBS) signatures from COSMIC database version 3 ([@B47]) as performed using the deconstructSigs package ([@B48]) using all unique SNVs without restriction to enriched regions.

Statistical analyses {#SEC2-6}
--------------------

A non-parametric permutation test was used to infer group differences under the null hypothesis (the mean value of the experimental group is not greater than or equal to the mean value of the control group). *P*-values were calculated comparing the mean values of two groups using Monte-Carlo simulated data from a total of 4999 permutations of group values. We consider two-sided *P*-values \<0.01 as highly statistically significant, 0.01 \< *P*-values \< 0.025 as highly statistically significant, 0.025 \< *P*-values \< 0.05 as statistically significant and *P*-values \> 0.05 as non-significant. Motif sequence conservation was shown using probability (log-odds of the binomial probability). Significant nucleotide enrichment at a specific position corresponds to a log-odd threshold to achieve a *P*-value of 0.05 after Bonferroni correction ([@B44]).

RESULTS {#SEC3}
=======

In the absence of pol eta, UVA light increases mutagenesis in fibroblast cells {#SEC3-1}
------------------------------------------------------------------------------

Complemented XP-V (XP-V comp, control cells) and XP-V cells were irradiated with 0 or 120 kJ/m^2^ of UVA light and then subjected to a cloning approach based on clone expansion ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). Four clones from each cell type and treatment were selected for WES. SNVs were called, and unique SNVs from each sample were selected, independent of the cell type, treatment or SNP calling zygosity. Unique SNVs found in both exons and splicing sites were considered. These criteria were used to exclude shared polymorphisms, thus reducing the overall false-positive rate. Considering a typical human cell that divides by mitosis every 24 h on average, the spontaneous mutation rate per generation in exonic regions in this experiment was estimated to be 2.68 × 10^−8^ mutations per base per generation/replication (Table [1](#tbl1){ref-type="table"}). In pol eta-deficient cells, there was a significant (*P* \< 0.01) increase in the spontaneous mutation rate by 1.4 times (Figure [1A](#F1){ref-type="fig"} and Table [1](#tbl1){ref-type="table"}), particularly for transversions (*P* \< 0.01), whereas the difference was not significant (*P* \> 0.05) for transitions (Figure [1B](#F1){ref-type="fig"}). The analysis also revealed a non-synonymous (NS) to synonymous (S) substitution rate (NS/S) of 1.89 in XP-V comp (Table [1](#tbl1){ref-type="table"}), which is consistent with the normal observed genetic variation of a 1.8-fold excess of non-synonymous mutations previously reported using exomes ([@B49]). Interestingly, UVA irradiation did not affect the NS/S ratio in either the XP-V UVA or XP-V comp UVA cells, but this ratio was significantly higher (*P* \< 0.05) in non-irradiated XP-V cells (Table [1](#tbl1){ref-type="table"}), suggesting the induction of non-selected mutations due to the absence of pol eta activity.

###### 

Somatic point mutations rates of fibroblast cell lines calculated by whole-exome sequencing

  Cell line       Pol eta     Treatment         Point mutation rate per base per generation in exome (10^−8^)   NS/S ratio
  --------------- ----------- ----------------- --------------------------------------------------------------- -------------
  XP-V comp       WT          No UVA            2.68 ± 0.65                                                     1.89 ± 0.21
  XP-V comp UVA   WT          120 kJ/m^2^ UVA   7.79 ± 6.34                                                     1.74 ± 0.78
  XP-V            deficient   No UVA            3.85 ± 0.42                                                     2.5 ± 0.82
  XP-V UVA        deficient   120 kJ/m^2^ UVA   17.03 ± 10.51                                                   1.76 ± 0.22

Estimated point mutation rate per base per generation in exome was calculated using only exonic or splicing site SNVs. Exome length of 60 456 963 bp was calculated using total bait targeted regions provided by enrichment kit. Generation was estimated as one cell division cycle each 24 h during a total of 45 days/generations from treatment to genomic DNA extraction. Data represent mean ± SD. Statistical differences were calculated by non-parametric permutation tests; XP-V comp versus XP-V comp UVA: *P* = 0.065; XP-V versus XP-V UVA: *P =* 0.0106; XP-V comp versus XP-V: *P* = 0.0016.

![UVA-light and Pol eta absence effects on point mutations detected in exomes. XP-V complemented (XP-V comp), and XP-V cells (XP-V) were irradiated with 120 kJ/m^2^ of UVA light and then subjected to a 45-day cloning procedure based on colony selection and expansion. Genomic DNA was extracted from four clones of each cell type and treatment. Whole-exome enrichment was performed to construct libraries for sequencing on HiSeq Platform. Read mapping and SNP calling were done using BWA-GATK pipeline. Whenever a variant was detected in two or more independent clones, it was considered a polymorphism -- not an induced mutation - and was discarded. (**A**) Total mutations per base in exome (*n* = 4 clones per group). (**B**) Transition and transversion average rates per base in exome. Statistical differences were calculated by non-parametric permutation tests: *P* \< 0.01 (\*\*\*), 0.01 \< *P* \< 0.025 (\*\*), 0.025 \< *P* \< 0.05 (\*), *P* \> 0.05 (NS). Data represent mean ± SD.](gkz1182fig1){#F1}

UVA light treatment significantly (*P* \< 0.01) increased the mutation rate to almost three times that in XP-V comp cells compared to non-irradiated clones (Figure [1A](#F1){ref-type="fig"}). This effect was stronger in XP-V cells, corresponding to a 4.4-fold increase compared to non-irradiated clones (Figure [1A](#F1){ref-type="fig"}). Both transitions and transversions increased in the UVA treatments in XP-V complemented cells or XP-V cells (Figure [1B](#F1){ref-type="fig"}). However, transitions were twice as common as transversions after UVA irradiation. Transition levels were also significantly higher in XP-V cells treated with UVA (∼5 times) compared to XP-V cells (∼3 times) (Figure [1B](#F1){ref-type="fig"}). Similar results obtained in a completely independent set of experiments support the increase in mutagenesis in the absence of pol eta and after UVA exposure ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}).

Types of nucleotide changes induced in XP-V cells by UVA light and the absence of pol eta {#SEC3-2}
-----------------------------------------------------------------------------------------

One of the main goals was to identify the types of mutations and signatures present in UVA-irradiated human cells. The somatic spectra of mutational signatures suggest some different patterns of the trinucleotide context, where C\>T and C\>A changes are major players (Figure [2](#F2){ref-type="fig"}, [Supplementary Figure S4](#sup1){ref-type="supplementary-material"} for individual clones). Non-irradiated XP-V comp cells display a flat background across changes with a slightly higher contribution of transitions (Figure [2A](#F2){ref-type="fig"}). This nonspecific pattern may simply correspond to a spontaneous background mutation. UVA irradiation increased the C\>T contribution, notably at CCG trinucleotides in the cells (Figure [2B](#F2){ref-type="fig"}). On the other hand, XP-V cells exhibited a similar spectrum to XP-V comp cells despite more frequent C\>A changes, mainly at CCA and TCT trinucleotides, with a small contribution of C\>T changes (Figure [2C](#F2){ref-type="fig"}). Irradiated XP-V cells showed a peculiar spectrum, concentrated in both C\>T (mainly) and C\>A changes, along with some T\>A and T\>C changes (Figure [2D](#F2){ref-type="fig"}). Interestingly, most of these changes seemed to be found at dipyrimidine sites.

![Somatic spectrum of mutations grouped by cell line and treatment by UVA. Somatic spectrum of all point mutations and its trinucleotide context extracted in each cell line group: (**A**) XP-V comp, (**B**) XP-V comp UVA, (**C**) XP-V and (**D**) XP-V UVA. Trinucleotide contribution was calculated by its frequency. The two most frequent trinucleotides were highlighted in XP-V comp UVA and XP-V groups as trinucleotides mutations in C\>A, C\>T, T\>A and T\>C within pyrimidine dimers (*Pyr* dimers) in the XP-V UVA group.](gkz1182fig2){#F2}

The results indicate that UVA irradiation mainly induces C\>T mutations but also C\>A mutations in XP-V cells. Moreover, a significant increase in C\>A mutations was detected in non-irradiated XP-V cells.

The absence of pol eta increases spontaneous C\>A mutations potentially induced by oxidation, also increased by UVA irradiation {#SEC3-3}
-------------------------------------------------------------------------------------------------------------------------------

The higher levels of point mutations (mainly C\>A transversions) found in non-irradiated XP-V cells (Figure [1B](#F1){ref-type="fig"}) compared to control XP-V comp cells are curious, and these types of changes were therefore further investigated (Figure [3](#F3){ref-type="fig"}). These changes are often associated directly with 8-oxoG lesions due to the oxidization of guanines. In fact, the absence of pol eta significantly increased (*P* \< 0.01) C\>A changes compared to those in complemented cells (Figure [3A](#F3){ref-type="fig"}). UVA irradiation did not increase C\>A changes (*P* \> 0.05) in XP-V comp cells, but it significantly increased (*P* \< 0.01) this type of change when pol eta was mutated (Figure [3A](#F3){ref-type="fig"}). Sequence context is considered to be very important for the efficient removal of 8-oxoG lesions ([@B50]). The *Escherichia coli* protein MutM removes 8-oxoG more efficiently in pyrimidine-rich than purine-rich sequences ([@B51]). Similarly, the context sequence is expected to affect the efficiency of 8-oxoG removal by OGG1 ([@B50]). Thus, C\>A transversions present within the RGR motif were evaluated, and the data were similar to what was observed for all C\>A changes (Figure [3B](#F3){ref-type="fig"}), suggesting that both the absence of pol eta and UVA increased mutations potentially caused by 8-oxoG. Additionally, less than ∼28% of C\>A changes were located at RGR motifs in XP-V comp cells---whether irradiated by UVA or not---while more than ∼35% and ∼45% were located at RGR motifs in XP-V non-irradiated and irradiated cells, respectively (Figure [3B](#F3){ref-type="fig"}).

![Distribution of C\>A mutations across cell groups in the presence and absence of Pol eta and UVA irradiation. (**A**) Comparison of C\>A mutations (C:G \> A:T) in the four groups using mutations per base in exome. (**B**) Selection of all C\>A mutations within R[G]{.ul}R sequence motif beyond strand bias. (**C**--**F**) Context sequence logo of all C\>A mutations adjusted by strand to mutations at G on all clones grouped by the cell line. Sequences were aligned and visualized with pLogo tool using human exome as background. Sequence conservation was shown using probability (log-odds of the binomial probability). A highlight (\*) indicates a significant nucleotide enrichment at a specific position correspondent to a log-odd threshold to achieve a *P*-value of 0.05 after Bonferroni correction. A/T nucleotides were colored in orange and G/C nucleotides in blue. Statistical differences were calculated by non-parametric permutation tests: *P* \< 0.01 (\*\*\*), 0.01 \< *P* \< 0.025 (\*\*), 0.025 \< *P* \< 0.05 (\*), *P* \> 0.05 (NS). R = IUPAC code for A or G nucleotides.](gkz1182fig3){#F3}

The sequence context was also checked considering strand orientation based on G\>T changes (Figure [3C](#F3){ref-type="fig"}--[F](#F3){ref-type="fig"}). Non-irradiated XP-V comp cells did not exhibit any apparent preferred sequence neighbouring mutated G nucleotides (Figure [3C](#F3){ref-type="fig"}). However, in XP-V cells, we found a significant T enrichment bias 5′ of the mutated G (Figure [3D](#F3){ref-type="fig"}). UVA irradiation did not result in any specific change in sequence context bias in XP-V complemented cells (Figure [3E](#F3){ref-type="fig"}). However, when pol eta-deficient cells were irradiated with UVA, an intriguing, more complex, sequence-oriented bias was observed: G\>T transversions were mainly flanked by G or A in the 3′ direction from the mutated base, which was specific to UVA irradiation (Figure [3F](#F3){ref-type="fig"}). Moreover, G bases at G\>T mutations in RGR motifs were less frequent in the transcribed strand of genes in XP-V cells (irradiated or not), suggesting an involvement of TCR activity in the removal of potential lesions that were not removed by OGG1 ([Supplementary Table S3](#sup1){ref-type="supplementary-material"}). Thus, we hypothesize that translesion synthesis in the absence of pol eta may increase the mutagenic potential of unexcised 8-oxoG lesions, leading to G\>T (C\>A) mutations. The possibility of other UVA-induced or spontaneously generated oxidized bases participating in mutagenesis cannot be discarded.

UVA irradiation increases C\>T transitions at dipyrimidine sites mainly in the absence of pol eta {#SEC3-4}
-------------------------------------------------------------------------------------------------

CPDs are the most important UV light-induced DNA lesions that preferentially lead to C\>T transitions. In non-irradiated cells, the absence of pol eta did not lead to a significant increase in C\>T transitions compared to the XP-V comp control (Figure [4A](#F4){ref-type="fig"}). However, UVA irradiation significantly increased (0.01 \< *P* \< 0.05) the frequency of C\>T changes in XP-V comp cells, and this increase was even higher in XP-V cells (2.3 times) (Figure [4A](#F4){ref-type="fig"}). In addition, there was a significant increase in mutations within dipyrimidine motifs (YY) after UVA irradiation in both XP-V comp (*P \<*0.05) and XP-V cells (*P \<*0.01) (Figure [4B](#F4){ref-type="fig"}). The data analyses also showed that nearly all of the C\>T changes (97.3%) in irradiated XP-V cells were found in YY motifs, whereas this percentage was only 66.6% (Figure [4B](#F4){ref-type="fig"}) in XP-V complemented cells. A significant 7.1-fold increase (*P* \< 0.05) in tandem double mutations (CC\>TT) was also observed in UVA-irradiated XP-V cells, not observed in control cells (Figure [4C](#F4){ref-type="fig"}). No clear sequence context bias was observed in the XP-V comp cell line for C\>T transitions (Figure [4D](#F4){ref-type="fig"}), while UVA-irradiated XP-V complemented cells were biased to a CCG context sequence (Figure [4E](#F4){ref-type="fig"}). However, a significant sequence bias (C and T) was observed 5′ of C\>T changes both in XP-V and UVA-irradiated XP-V cells (Figure [4F](#F4){ref-type="fig"} and [G](#F4){ref-type="fig"}). This finding confirms that, in XP-V cells, C\>T mutations rely on potential pyrimidine dimer sites and preferentially occur at the 3′ base of the dimer. Moreover, when C\>T mutations at dipyrimidine sites were analysed for strand bias, these mutations were found to occur less frequently in the transcribed strand of genes in XP-V cells, which is subject to TCR activity for damage removal ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). Taken together, these results indicate that other translesion DNA polymerases are more mutagenic than pol eta when replicating potential UVA-induced CPD lesions.

![Evaluation of C\>T point mutations at pyrimidine dimers in XP-V cells and UVA treatment. (**A**) Comparison of C\>T mutations (C:G \> T:A) in the four groups using mutations per base in exome. (**B**) Selection of all C\>T mutations within [YY]{.ul} sequence (pyrimidine dimer) motif beyond strand bias. (**C**) Comparison of double in tandem C\>T mutations (CC\>TT) in the four groups using double mutations per base in exome. (**D--G**) Context sequence logo of all C\>T mutations adjusted by strand to mutations at C on all clones grouped by the cell line. Sequences were aligned, and visualized with pLogo tool using human exome as background. Sequence conservation was shown using probability (log-odds of the binomial probability). A highlight (\*) indicates a significant nucleotide enrichment at a specific position correspondent to a log-odd threshold to achieve a p = value of 0.05 after Bonferroni correction. A/T nucleotides were colored in orange and G/C nucleotides in blue. Statistical differences were calculated by non-parametric permutation tests: *P* \< 0.01 (\*\*\*), 0.01 \< *P* \< 0.025 (\*\*), 0.025 \< *P* \< 0.05 (\*), *P* \> 0.05 (NS). Y = IUPAC code for T or C nucleotides.](gkz1182fig4){#F4}

The absence of pol eta also results in more mutagenic events at T:A base pairs within dipyrimidine sites {#SEC3-5}
--------------------------------------------------------------------------------------------------------

DNA translesion synthesis by pol eta is considered to be error prone, and it is well accepted that pol eta follows the 'A-rule', indicating that the insertion of an A nucleotide is more frequent when performing translesion synthesis at sites of DNA damage. If this is correct, then pol eta should mainly protect against mutations at T:A base pairs, which were further investigated (Figure [5](#F5){ref-type="fig"}). In fact, mutations at T:A sites were less frequent (all changes with \<1.5 × 10^−6^ mutations per base) than at C:G base pairs under all examined conditions ([Supplementary Table S4](#sup1){ref-type="supplementary-material"}). After UVA irradiation, mutations at T:A base pairs increased ∼3-fold in both XP-V and XP-V comp cells (Figure [5A](#F5){ref-type="fig"} and [Supplementary Table S4](#sup1){ref-type="supplementary-material"}). The potential effects of a prospective 'A-rule' for pol eta were investigated in more detail at dipyrimidines. Mutations at T:A base pairs increased at YY sites after UVA irradiation in both XP-V comp and XP-V cells (Figure [5B](#F5){ref-type="fig"}), but nearly 90% of all T:A base pair mutations were located at dipyrimidine sites in XP-V UVA clones, compared to only 67% when pol eta was present (UVA-irradiated) XP-V comp cells (Figure [5B](#F5){ref-type="fig"}).

![Distribution of mutations at T:A after UVA irradiation in human cells. (**A**) T\>A, T\>C, and T\>G (T:A) mutations per base in exome in all cell clone groups. (**B**) Mutations per base in exome of each type of thymine (T:A) changes at dipyrimidine motifs (YY). (**C**) T\>A, T\>C, and T\>G mutations per base in exome in all cell clone groups. (**D**) T\>A, T\>C and T\>G mutations per base in exome in all cell clone groups within YY motifs. Statistical differences were calculated by non-parametric permutation tests: *P* \< 0.01 (\*\*\*), 0.01 \< *P* \< 0.025 (\*\*), 0.025 \< *P* \< 0.05 (\*), *P* \> 0.05 (NS). Y = IUPAC code for T or C nucleotides.](gkz1182fig5){#F5}

All specific nucleotide mutations at T:A base pairs (T\>A, T\>C, and T\>G) increased significantly (*P \<*0.01) in UVA-irradiated XP-V cells, while in XP-V comp cells, UVA irradiation led to significant increases (*P \<*0.05) in T\>C and T\>G mutations, but not T\>A mutation (Figure [5C](#F5){ref-type="fig"}). Similar results were observed in the analysis of these mutations at YY motifs (Figure [5D](#F5){ref-type="fig"}). Interestingly, T\>A mutations that occur specifically in UVA-irradiated XP-V cells are not reported to be related to CPDs, and may occur due to a different type of UVA-induced lesion. These observations and the high frequency of mutations at C-containing dimers compared to T-containing dimers in XP-V cells indicated that the 'A rule' is not the main pathway whereby pol eta protects human cells by preventing UVA light-induced mutations.

A single UVA irradiation of XP-V cells induces a mutational signature related to cutaneous skin melanoma {#SEC3-6}
--------------------------------------------------------------------------------------------------------

Profiling of mutational signatures hidden within SNVs has been considered a successful method for understanding the mutagenic mechanisms and complex processes related to carcinogenesis. To evaluate the similarities between trinucleotide changes among all samples sequenced, we used a clustering approach to compute Euclidean distances between them (Figure [6A](#F6){ref-type="fig"}). Two main groups were clustered: one formed mainly by XP-V comp clones and the other formed by XP-V clones (Figure [6A](#F6){ref-type="fig"}), suggesting a potential signature of the absence of pol eta. UVA-irradiated XP-V comp and XP-V clones clustered into separated subgroups, suggesting distinct but singular UVA mutation effects in the absence and presence of pol eta. Similar results were obtained from in another set of experiments, with MRC5 and XP-V cell lines ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). Our hypothesis was a model involving three signatures: two for UVA irradiation (in the presence and absence of pol eta) and one mutational signature of the absence of pol eta without irradiation.

![Linking mutational signatures to UVA light-induces mutagenesis: Pol eta and cancer. (**A**) Hierarchical clustering trinucleotide mutational spectrum of cell-line clones using Euclidean distances. XP-V comp, XP-V comp UVA, XP-V and XP-V UVA clones were highlighted in red, orange, green, and blue respectively. (**B**) *De novo* mutational signatures SA, SB, and SC extracted using NMF-method implemented in SomaticSignatures package based on a method developed by Alexandrov *et al.* ([@B11]). (**C**) Contribution of each extracted signature (SA, SB, SC) occurrences on the 16 samples of each cell-line group. (**D**) Contribution of known mutational signatures from COSMIC database version 3 on XP-V comp, XP-V comp UVA, XP-V and XP-V UVA cell-line groups using deconstructSigs package. The 14 COSMIC signatures detected were grouped into seven classes according to its proposed aetiology and/or mutational features.](gkz1182fig6){#F6}

The non-negative matrix factorization (NMF) is one of the most used methods for extracting mutational signatures using SNVs and their trinucleotide sequence context ([@B46]). To investigate whether we could identify mutational signatures from individual clones as suggested by hierarchical clustering, we used an NMF approach to decompose mutation data to fit the model based on three *de novo* signatures (Figure [6B](#F6){ref-type="fig"}). Signature SA consisted of C\>T changes at ACG, CCG and GCG motifs, whereas SB consisted of nonspecific C\>T changes with a higher contribution of C\>A changes at CCG, GCT and TCT motifs. Signature SC was characterized by C\>T at pyrimidine dimers, and C\>A changes were also enriched at some dipyrimidine sites (CCA, TCA, TCG and TCT). XP-V comp clones presented a mixture of all three signatures, sometimes with a substantial contribution of SB (Figure [6C](#F6){ref-type="fig"}). Irradiation by UVA strongly increased the contribution of SA in XP-V comp clones (Figure [6C](#F6){ref-type="fig"}). XP-V clones presented a mixture of all signatures with a slight prevalence of SC, which was the signature of almost all UVA-irradiated XP-V clones (Figure [6C](#F6){ref-type="fig"}). We propose that SC is associated with higher error-prone activity of other polymerases with higher mutagenic activities at CPDs at pyrimidine dimers and 8-oxoG lesions. Signature A could be related to UVA mutations in the presence of pol eta and is characterized only as increased C\>T changes (not specifically at dipyrimidines) (Figure [6C](#F6){ref-type="fig"}). We also hypothesize that Signature B is a spontaneous mutagenic signature found mainly non-UVA-irradiated clones (Figure [6C](#F6){ref-type="fig"}).

Mutational signatures also provide an interesting approach for characterizing and inferring the processes of carcinogenesis and improving cancer treatment and diagnosis. UV light is the main mutagenic driver of skin melanoma, and patients with mutations in the pol eta gene exhibit an increased incidence of skin tumours. It is proposed that this higher incidence is due to other error-prone polymerases that replace the role of pol eta and bypass UV light-induced lesions, such as CPDs. Thus, we analysed the contribution of known COSMIC single base substitution (SBS) signatures database v3 in our data (Figure [6D](#F6){ref-type="fig"}). XP-V comp cells exhibited a mixture of three different signatures (SBS5, SBS10b and SBS21), which could be associated with a broad spontaneous mutational profile. UVA irradiation of these cells resulted in high contribution of clock-like signatures SBS1 and SBS5, which are found in many types of cancer. SBS1 is a signature related to an increase in C\>T changes probably due to spontaneous deamination of 5-methylcytosine. Non-irradiated XP-V cells displayed the signature SBS1, similar to that in XP-V comp cells, but with a contribution of signatures SBS18 and SBS36. These signatures are associated with C\>A mutations, possibly due to damage by reactive oxygen species.

Nevertheless, UVA irradiation of XP-V cells resulted in key contribution (\>49%) of signatures SBS7a, SBS7b and SBS7c, which are the top signatures in those cells. Signatures SBS7 are characteristic signatures found predominantly in skin cancers and are associated with C\>T mutations at dipyrimidines (Figure [6D](#F6){ref-type="fig"}). These signatures are very similar to *de novo* Signature C extracted from irradiated XP-V clones, despite the contribution of C\>A changes at dipyrimidines (Figure [6B](#F6){ref-type="fig"}), which we proposed is due to the increase in mutagenic events at CPDs caused by UVA and 8-oxoG lesions in a context where pol eta is not present. In addition, there is also a contribution of ∼9% of signature SBS18, which is related to damage by reactive oxygen species. These data reveal the participation of UVA light in skin carcinogenesis, especially in XP-V cells, involving pyrimidine dimers as the main mutation causes.

DISCUSSION {#SEC4}
==========

Here, a successful experimental cloning strategy was developed to identify mutations induced after UVA irradiation, potentially associated with carcinogenesis in pol eta-deficient patients, using WES. This strategy allowed a more complete evaluation of induced point mutations compared to experiments targeting specific genes. Moreover, the fact that mutations are observed directly within the chromosomal DNA may better reflect what occurs in skin cells' genome after sunlight exposure. Another important aspect of this approach is that most mutations detected are mainly induced during the first round of DNA synthesis after treatment, immediately after cloning. The reason for this is that if mutations were induced later, when the clones exhibit two or more cells, they would be diluted and therefore not considered a mutation. The spontaneous mutation rate estimated in the exomes of XP-V comp cells (Table [1](#tbl1){ref-type="table"} and Figure [1](#F1){ref-type="fig"}) is on the same order of magnitude as that in germline and one order of magnitude lower than somatic mutation rates calculated using whole-genome sequencing ([@B52]). In fact, fewer mutations in exons are expected due to purifying selection simply via cell growth, but recent studies demonstrate that that this situation can also be caused by higher mismatch-repair activity in exonic regions ([@B53]). However, mutational background rate calculation could be affected by heterogeneous clones with different somatic mutations, since parental cell lines were not sequenced. A recent study ([@B54]), using a high-controlled strategy based on sequencing of subclones and parental clones, estimated a background mutation rate of ∼1.11 × 10^−8^ mutations per base per generation. Therefore, the estimated spontaneous mutation rate in this work (2.68 × 10^−8^ mutations per base per generation) is comparable to other measurements, indicating reasonable SNP calling, mutation-selection, and polymorphism exclusion criteria.

XP-V patients exhibit an increased frequency of skin cancer due to the absence of pol eta, which confers a hypermutation phenotype in sunlight-exposed skin areas ([@B3],[@B6]). Previous work using a UVC-irradiated shuttle vector transfected in XP-V cells and complemented cells showed a significant increase in mutagenesis in a reporter gene in pol eta-deficient cells ([@B41]). More recently, the endogenous *HPRT* gene was used to detect increased UVB mutagenesis in XP-V cells in comparison to healthy cells ([@B1]). The results reported here are generally in agreement with those reported in association with UVC and UVB, with a clear increase in mutations detected in pol eta-deficient cells after UVA irradiation but with many particularities. Curiously, however, there was an unexpected significant increase in mutagenesis in non-irradiated XP-V cells compared to complemented cells, which was related to C\>A transversions.

Previous work has shown that pol eta correctly bypasses 8-oxoG *in vitro*, and an absence of Rad30 (the homologue of pol eta) in yeast leads to increased C\>A mutagenesis, consistent with its role in suppressing mutations due to oxidatively generated DNA damage ([@B55]). In this work, we observed that pol eta complementation decreased C\>A mutations by 3-fold compared to that in pol eta-deficient cells, even in the absence of UVA irradiation (Figure [3](#F3){ref-type="fig"}). These C\>A transversions were mainly observed in sequence motifs (RGR) related to 8-oxoG lesions that were not efficiently removed by OGG1. Thus, these data are consistent with the participation of pol eta to correctly bypass oxidized bases ([@B24],[@B35],[@B55]), suppressing mutagenesis due to oxidized bases induced endogenously, including 8-oxoG bases ([@B3]), which are by products of normal cell metabolism. These data have important consequences for individuals with XP-V, as they imply an increase in mutagenesis even in the absence of sunlight exposure, which could be responsible for internal tumours.

The role of UVA light in mutagenesis has been related to its ability to generate DNA damage directly by light absorption ([@B2],[@B17],[@B56]) as well as due to oxidative stress through type I and II photosensitization reactions ([@B14]). The main mutations induced after UVC light exposure are C\>T and CC\>TT transitions ([@B3],[@B40],[@B41]). These changes are considered a UV signature when they are located within potential dipyrimidine (YY) sites ([@B57],[@B58]) and because they are rarely observed due to non-UV carcinogens ([@B59],[@B60]). However, the participation of UVA and UVB light in inducing these types of mutations is still a matter of debate ([@B2]). Pointed efforts to map and understand mutagenesis induced by UVA and UVB have been made. The sequencing of the *p53* gene from human keratinocyte cells exposed to UVA light showed only G\>T transversions, although in a limited number of mutations analysis ([@B61]). However, the mutations observed in the UVA-irradiated skin of *lacZ* transgenic mice are primarily C\>T transitions at dipyrimidine sites ([@B23]).

Our data clearly showed that UVA irradiation, similar to UVC and UVB irradiation, induces increased mutagenesis in pol eta-deficient cells compared to non-irradiated cells (Figure [1](#F1){ref-type="fig"} and Table [1](#tbl1){ref-type="table"}). This increase in UVA mutagenesis is also observed, although to a lower extent, in cells expressing pol eta. While almost all types of point mutations showed a significant increase in both cell lines upon UVA irradiation, C\>T mutations were especially increased in XP-V cells (Figures [2](#F2){ref-type="fig"} and [4](#F4){ref-type="fig"}). CC\>TT tandem transitions were also significantly increased by UVA irradiation in the absence of pol eta (Figure [4](#F4){ref-type="fig"}). These results confirm the high relevance of pyrimidine dimers in mutagenesis induced by UVA light in human cells, as observed by others in different models ([@B62],[@B63]). Additionally, our results support the role of pol eta in bypassing UVA light-induced pyrimidine dimers and participating in the reduction of C\>T mutations, as previously reported in association with UVC and UVB ([@B2],[@B41],[@B64]).

However, predicting what lesion led to a particular mutation is not trivial. For example, C\>T mutations can be generated either at dipyrimidine sites or by pyrimidine oxidation ([@B65]). In fact, *in vitro* data indicated that 5-hydroxypyrimidine lesions may induce C\>T and C\>G mutations ([@B66]). Similarly, uracil glycol (a product of C oxidation) may mispair with A, inducing C\>T transitions ([@B67]). Moreover, works with shuttle vectors replicating in mammalian cells revealed that 2-hydroxy-adenine may induce A\>G (T\>C) ([@B68]) and the open ring-opened formamido-deoxyguanosine (Fapy.dG) also induces G\>T (C\>A) mutations ([@B69]). Therefore, the contribution of oxidative stress in the UVA-induced mutagenesis cannot be ruled out. To minimize this bias, we analysed C\>T and C\>A changes within motif sequences described for CPDs and 8-oxoG ([@B42],[@B70]). The occurrence of C\>A mutations was significant at 8-oxoG motif sites in the absence of pol eta and when XP-V cells were irradiated with UVA (Figure [3](#F3){ref-type="fig"}). In fact, the ratio on the yields of CPD and 8-oxoG is around 5 for UVA light, while it is 2 to 3 orders of magnitude larger for UVB ([@B22],[@B56],[@B57]), which may explain the fact oxidation may contribute to mutagenesis in UVA irradiated cells. Moreover, we recently demonstrated that oxidative stress strongly affects particularly pol eta-deficient cells, after UVA exposure, with induction of oxidized bases in the genome ([@B29]). This increased oxidative stress can also explain the UVA-induced C\>A mutations observed in the experiments described here (Figures [2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}). However, CPD motifs (dipyrimidines) were mostly present under UVA mutagenesis in XP-V clones: 97.3% of all C\>T changes induced by UVA in XP-V samples were induced within CPD motifs, whereas in complemented cells, these motifs were less represented (66.6%) (Figure [3](#F3){ref-type="fig"}). These results showed that UVA predominantly induced mutations at dipyrimidine sites in pol eta-deficient cells, in agreement with previous data demonstrating that UVA could induce mutations at these sites in hamster and human skin cells ([@B57],[@B71]). This pattern of mutation is also observed in human skin tumours ([@B72],[@B73]).

One interesting feature of pol eta is its remarkable capacity to bypass TT dimers by inserting two adenines opposite TT ([@B28]), which is known as the 'A-rule'. Thus, it is believed that in healthy cells, pol eta avoids UV-induced mutagenesis mainly in T-containing photoproducts ([@B41]). In control cells, the data showed that only ∼67% of mutations at T:A base pairs were located at YY sites, which increased to \>90% in XP-V cells (Figure [5](#F5){ref-type="fig"}). However, most of the differences between the cells took the form of T\>A mutations, which are probably not related to pyrimidine dimers. Interestingly, UVA induces CPDs predominantly at thymine-containing dipyrimidine sites ([@B16],[@B74]), but as most of the mutations induced by UVA do not involve Ts, the mutagenicity of these dimers in human cells must be low, independent of pol eta activity. Consistent with our data, UVA induces more mutagenesis at CT and CC sites than at TT sites in skin cells ([@B71]). Therefore, the small contribution of mutations at T-containing dimers indicates that, human DNA polymerases can in fact insert an A opposite these lesions, but the participation of pol eta in this process is lower than previously proposed ([@B37]).

The mutation data were also analysed by examining the mutational pattern within the sequence context. Remarkably, UVA light induced C\>T mutations in different trinucleotide context sequences in the presence or absence of pol eta (Figure [6](#F6){ref-type="fig"}). Non-irradiated XP-V comp clones did not show any clear mutational pattern. However, UVA-irradiated XP-V comp cells exhibited C\>T changes mainly in CCG sequences but also at sites outside of potential pyrimidine dimers (GCG and ACG) (signature SB). Due to the proximity to guanine, the presence of C\>T sites outside of dimers indicate that the mutations may have been caused by lesions other than pyrimidine dimers, such as those resulting from oxidative stress processes. These data differ from the sequence contexts associated with UVB (5′TCG3′) ([@B64]), but these experiments were obtained in a mice model, which may differ from human cells. UVA-irradiated XP-V cells presented C\>T mutations predominantly at YC sites (i.e. precisely at dipyrimidine sites) and mostly at the first base to be replicated. Recent work with *in vitro* polymerization by TLS polymerases of UVC and UVB irradiated DNA templates indicated that pol eta is responsible to insert A opposite C-containing dimers, increasing the frequency of C\>T mutations, supporting a mutagenic role for this polymerase, and following the idea that pol eta is responsible for the 'A-rule' ([@B75],[@B76]). This is not consistent with our results where the increase in UVA-induced C\>T mutations corroborates the error-prone bypass performed by the TLS proteins in the absence of pol eta at pyrimidine dimers ([@B31],[@B41],[@B64],[@B77],[@B78]). The lack of mutations involving T-containing dimers also contradicts the idea that pol eta has such activity within the cells, contrary to what was obtained in the *in vitro* system. The simplest explanation for the results shown here is that pol eta is prone to replicate C-containing dimers by, correctly, inserting G, thereby controlling UV-induced mutagenesis, thus following a 'G-rule'. Another possible explanation for C\>T mutations is that C-containing pyrimidine dimers are highly unstable and can be deaminated to uracil or, if methylated (5-methylC), to thymine ([@B79]), which would replicate through the insertion of an A opposite dimers. This interesting hypothesis would imply that pyrimidine dimers would have to be first monomerized before encountered by a replicative polymerase, as suggested by *in vitro* experiments ([@B80]). Alternatively, pyrimidine dimers containing a U (deaminated C) should exhibit instructional coding capacity during replication by pol eta. In fact, some groups have proposed that TLS polymerases (including pol eta homologs) may read the bases correctly when replicating dipyrimidine photoproducts ([@B33],[@B81]). Thus, if these lesions are instructional, deamination of C (which occurs at high frequency within pyrimidine dimers) to U would be one of the main causes for C\>T mutations. In the absence of pol eta, pyrimidine dimers would take longer to be replicated increasing the possibility of C deamination and the eventual lesion bypass would result in increased mutagenesis, as observed in UVA-irradiated XP-V cells.

Finally, we measured the contribution of known published mutational signatures from the COSMIC database (Figure [6](#F6){ref-type="fig"}). Compared with other types of cancer, skin cancer exhibited more C\>T at dipyrimidine changes than C\>A changes. Here, we described the participation of UVA in the carcinogenesis process in comparison to skin cancer related signatures SBS7s, which presented high similarity to Signature SC obtained in XP-V cells irradiated by UVA (Figure [6](#F6){ref-type="fig"}). We also shine a light into aetiology of SBS7a-b signatures, which can be more related to CPD lesions than 6--4 photoproducts, and the involvement of reactive oxygen species in SBS18 and SBS36 signatures (Figure [6D](#F6){ref-type="fig"}). Through these analyses, we provided consistent evidence of the contribution of UVA-induced mutagenesis to the development of skin cancer in XP-V patients, which was greater than is usually assumed, highlighting the participation of CPD lesions in this process.

CONCLUSIONS {#SEC5}
===========

This work provides a detailed evaluation of the UVA-induced increase in point mutations in human cells, especially in cells from XP-V patients, which may help us to understand the increased frequency of skin tumour formation in these patients. The absence of pol eta contributed to higher accumulation of mutations, mainly due to C-containing pyrimidine dimers (C\>T or CC\>TT). The results also demonstrate the role of pol eta in correctly bypassing oxidatively generated lesions, suppressing C\>A mutations, even in the absence of irradiation, which could be related to internal tumours in XP-V patients. Additionally, we observed low levels of mutations at T-containing dimers, due to A insertions opposite these lesions, as suggested by the 'A-rule', but these mutations seem to be highly independent of pol eta. On the other hand, pol eta seems to be more important in the insertion of a G (this would be the 'G-rule') at C-containing dimers, preventing mutations. The examination of mutational signatures revealed that a single UVA irradiation of XP-V cells, corresponding to 30 min of sunlight exposure, was enough to allow the detection of mutational signatures related to cutaneous skin melanoma in the human population. Thus, this work provides data for better understanding the skin cancer initiation process related to DNA damage in XP-V patients as well as healthy individuals.

DATA AVAILABILITY {#SEC6}
=================

Woland is a tool to analyze point mutation patterns using resequencing data available in the GitHub Repository ([github.com/tiagoantonio/woland](https://github.com/tiagoantonio/woland)).

Sequencing data have been deposited with the Sequence Read Archive (SRA) under SRA accession number PRJNA556825.
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